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Abstract

1 lybrid (kinetic ion/flt]icl  electron) simulations hiiVt3 bc.cn used to sludy self-consistently the

injection aTd initial stages of acce]cralion  of interste]]ar’  pick-up ic)ns at the Sc)]ar wind

termination shock. Results am prescntccl  frc)xn ol]e-dil~~el~sio]ltil  simulations of high Mach

number oblique (400--SOo) shocks with :i 10% pc)j)ulation  of inte] stcl]a) pick-up hydrogen.

III these simulations, the pick-up ions, the solar wind ions, tlm shock flclcls  and the waves

are all treated self-consistently. Pick-up ions rcftcctect  by [he shock excite.  large. amplitude

(AB/11 - 0.3) upstream magnetosonic  waves. l’hcse wavrs, in turli , sca[tcr the. pick-up

hydrogen, as expected in the cliffusive  shock acceleration process. ‘1’hc spectrum of excited

waves broadens in time. We find that, fc)r the paI ameters studied, the tcrminat  ion shock

efficiently injects ant! accelerates the interskllar pick-up }lydrogcm, anti thus this work

represents a microscopic verification c)f this anomalous cxmnic ray injt’cticm  mechanism.

Comparison of injected fluxes from the. simulations with Voynger fluxes extrapolated to the

tcrminaticm  shock suggests that injecticm at the tcmination  shock is probably greater than

injection by interplanetary shocks. A stuciy c)f accw]eratecl  pick-up ion orbits shows that the

energy gain ccmes predominantly from shc~k drift accelmtion  in the shock front, with the

upstream waves aicling the acxc.le.ration  by allowirlg nml[ip]c cmccmntcrs  with the shock.

.
] l’rescnl  address: lnlc.malirrnal  Ccnmr for ‘1’tmrctiml I’l]ysics,  34014 3’ricslc, ]Mly
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1. ln[f’oductiml

It has been hypothesized that anomalous cosmic r:iys (2(1-3(X) h4eV) may result

from the acceleration of intc.rstellar  pick- up ions illjccted  at ttlc solar winfi termination shock

[ I’CSSCS  et al., 1981; Jokipii,  1986, 1990]. Interstellar pick-up ions enter [lie heliosphere  as

neutrals. ‘1’hey am ionized and picked up by the solar wind which  carries them back out to

d]e termination shock. “1’hc interstellar neutrals (--20 km/see) ha~rc a large velocity relative to

the solar wind (Vsw-4(N knl/scu) and hcncc these pick-ups have a much larger energy in

the solar winci frame (-1/2 nIVSw2) than the backgl ounc] sol:w wind ions. ‘J’bus, they fom

natural higher energy “seed” population for injection and acceleration at the termination

a

shock. ‘1’hc largest pick-up component is CXIXCICX1 to be tlycirogen,  rcplcsrnting  over 10%

of the solar wind ion cicnsity if ti]c tcmination  sivxk is bey{md 50 AU. f{cccntly,

Gloecklcr  et a]. [ 1993] i)ave macie  the first obsewat  ions of i] itcl stellar ~)ick-up  hydrogen,

]ons are accelmi~ed  at co]lisionless  shocks IU imarily  by two ]mccsses  [ sce reviews

byForman  and Webb, 1985 and Jones and Ililison, 1991]: st lock drift acceleration anti first

orcicr T:crmi accclmtion.  In shock drift acceleration, an ion gains encr~,y  via its VH drift at

the shock front in the direction of the convective VX1l electric field. in this process, the ion

travc.ls along ti~e silock front anci gains energy continuously, in first or(icl l;crmi

acceleration, an ion gains energy by scattering bctwccm  c.onverg, ing, ma~,ne.t ic fluctuations

upstream anti ciownstrcam  of the shock. I;or paTdk:l  shocks, with nc) average jump in the

magnetic fic.td at the si~ock, Fermi acccler at ion is expecteci  to dominalc, wllc.rt.as  in more

oblique or qtl:lsi-l]c.r~) elldiclll:ir  shocks, shock drift accelerati~m  is CXIXX(C.CI to dominate

[Jokipii,  1987]. ‘1’im  role of shock drift accclelation  has been fm-thm clarified by tile work

of IIeckc.r and Vlahos [ 1986a,b] and l~c.cke~ [ 1988] in calculations of tcs! particle orbits in

specifieci  (i.e., not self-consistent) silock an(i m:ignctic  fluctuation ficl(is.

Much of the work on ion acceleration at shocks uses the stan(iald convcxxion-

diffusion cosmic r~iy transpm cqu:ttion which contains bc)th shock d] ift an(i l’ermi

[iccclcrtition [Jokii>ii,  1982, 1990; Jones :inci lillison,  1985]. Diffusive theory provides a
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dc.scriplion of ion acceleration on macm, c.:., hc]iosphm ic, spatial and temporal scales. It

is valid i’orisotlol)icd  islribl]tio]l  functions and parliclcs  llittlvcl~ities]llllctl  greater than

any mnvcctive  slxwds in the pmblcn). I)iffusivc thcmy c,in be used t{) (icscribe. the

accclcrat ion of such suprathermal  ions in the heliosphrrt  to cosmic I ay energies for which

the acccleratim processes takes pl:we on the 100 AIJ spatial s~i~le. and year time sca]e (see

e.g. Jokipii  [ 1990]). in diffusive tmnspol  L moclcls,  the. microscopic fields of the

hcliosjdwre  and the diffusion coefficient, Jvhich includes  the wave scat[cril~g  from small

scale fluctuations, are specified (using rcsu](s fmln other theories and/or  nmde]s) and an

assumed  energetic seed population is “i[ljectccl.  ” Hecause  it provides a [macroscopic

description, results from diffusive cosmic ray transport mocicls  can be compared directly

with cosmic  ray observations. “1’hc theory, howc\Icr, cannot be used to ]mdcl the injection

and acceleration of the freshly picked up irluelstellur  ions lwcausc  of thr.ir low cne.rgy and

non-isotropic distribution.

} lem, we use the collll)ler~lcrltiil)  technique of hybrid part iclc si lnulation to study

the injection an(i acceleration of freshly l)ickcd 111) interste]  lar ions at tt ic solar winci

termination shock. In hybrid simulations, scattcl  ing and cliff usion rc.suit directly from the

wave-particle interactions in the simulations. Self-consistent hybrid si~liulations  have been

used previous] y by Giacalone  et al. [ 1992, 1993] and Scholer  [ 1990] to study the

acceleration of thcrma] icms in parallel or nmly  ~mrallcl  shocks (O]; r,< 200” where (li~rl is

(he angle between the magnetic field and tile shock normal). Burgess ( 1987) studied shock

clrift  acceleration in oblique  shocks of suprathcmal  test particles in 1 -1) hybrid simulations.

We have extencled  this previous work to study the acceleration of the energetic pick-up ion

“seed” population in oblique (01{1, == NP- 600) shocks. ‘Ille suprathc.1 mal pick-up ions in

our simulations arc not “test  particles” as in Burgess (198’/), but arc twated sclf-

consistcntly  and tuivc a major effect on both the n]acrc)scoj)ic  and microscopic fields. In

addition, we have studied the evolution of the. sprctrum of the upstrcanl waves generated

self-consistently by the reflected pick-u}) icms;  no upstrear]  I waves NC illjccted.
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Wc find thal, for’ lhc oblique shocks stuc]icd, ]Jick-llp ions arc. efficiently injc!ckxt

and accelcratccl  by the. termination shock. }ior a strong shock (MA=-  8), about 4(]% of the

incident pick-up ion llLm was init ia]ly reftccmd.  I;ro)n a stud) of the. accc.lcI atcd pick-up ion

orbits, wc find [hat the energy gains come prcdolninant]y  frotn shock d[ ift ;icce]eration in

the shock front, with the upstream waves playing the crucial role of al lowing the pick-up

ions to have multiple tmounters  with the shock. I:or a stron~: shock, many icms are

observed to be accelerated to about 30 keV, which is 50 times tlieir initial enmgy. 1 lybrid

simulations can provide only a micro-scale. dcs~ription  of the injection and initial

acceleration of interstellar pick-up ions. Computer mources limit sp~itial  scales to fractions

of an AU and time scales of tens of hours. 1 lowevc~, the energetic ion fluxes  from such

models can then bc used as inpu[ to models bawd on the convection-diffusion cosmic ray

transporl cquat ion which can then follow the accelel ation prx~ess to the ohser ved

anomfilous  cosmic ray energies (20-300 MeV).

We have also addressed the question of whctller  the fluxes injc.ctrd  into the global

heliospheric  shock acceleration process at the termination sh(~k as ccmputed  by the

simulations are greater than fluxes injectcxi  by ir~tcr~)lanetary  shocks as obsa ve.d by

Voyager. I%r this comparison, we have used Voyager low-energy charged pmiclc  (1 .ECP)

ftLlx spectra data from shock acceleration events (Gold et [il., 1988), Incasurcd at about 15

-20 AU, extrapolated acliabatical]y  to 80 AU (the location of the tcrlnination  shock in our

simulations) and compared the flux S])cctl”a  in t])c enc.rgy range j-1()() kcv.  We finci that the

simulation fluxes are about 1-2 orders of nlagrli~uck>  larger than the Incasulcd fluxes

extrapolated to 80 ALJ in this energy range. Alt]loug}l  there is considcrab]c. uncertainty

introduced by comparing ftlrxcs  from two interrrrittcn(  events at diffcl’cnt  ]ocations,  the

results indicate that the tmnination  shock is probably the pri]nrwy injection site for the

anomalous cosmic ray Conlt)onent,

‘1’hc paper is orgarlizccl  as follows. in Section 2, the simulation mmlcl and

parameters are clcscribcd and the angular range of validity of the model discussed. in
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Section 3, simulolion  rt’suits we prcsrnle(l and itl12t]y7Cd :Irld comp:tlc~i with Voy:tgc’r

chsmwticms. ‘1’he results :~re smmxirized ond discussed in Section 4.

2. Silnulation  h4cde,l :inci I’ar[imctcrs

“1’he  hybrid simul[ition  model used here, :is well as the assutnecl  termination shock

parlmctcrs,  have been ctcscribcd  in l,icwer c1 al. [ 1 993]. ‘1’hc code is tmsed on the hybrid

coctc of Winske :mct 1.croy 11985J md uses a first-order accurate time stepping algorithm.

I:or the studies hctt,  the rode w:is modified to include, a second ion s~)ecics,  the interstcl]ar

pick-up ions, which we initialized with a non-thermal distribution in \fclc)city  space. Both

ion species arc trc:ltecl  in a fully self-consistent n~:\nne.1  silm the. macroscopic :ind

microscopic fic]cts m-e strongly influenced by both. ‘1’o get reiiscm:ible st:l~is~ics for the

acmlcratcd  pick-up ions, wc usc r~’]:itivc]y  Incm sinlu]:ition  p:wticlt’s  m Ic.pt’e.sent the pick-

ups than the themxil ions and weight the pick-up Nnd therl nal ion simulation particles

:wc.c)rdingly  when computing the loc[il  density, nmmmtunl  a!ld curl cnt fmn the sinmliition

particles. ]:or the cases presented here, 1/3 of the total sinlulation  p:~r[iclcs  are pick-up ions

even though the pick-ups represent 1()% of the total clcnsit  y,

I:or most of the simul:itions,  we assulne,  (M in l,icwel  et ;il. [ 1993], a spherical

shell veloeity  distribution with zero wiclth and a r:ldius equal  to (he sokiT wind velocity co-

moving with the sc)lar wind ions. “1’o test the effect of the assumed dish ihution cm the

injection process, we have :ilso  run simulations using an ti(liatntical  ly molcd pick-up ion

distribution, f(v) M v-~/~ [Mbbil}s  et z~l,, ]988].

In our model, the simulation is done, in the dc)wnstl ealn fraTne. ions are il~jected

from the left of the silnuk~tion box and reflect off IIW right wall. ‘1’hc shock forlns at the

right wall and propag(itcs to the left. Rcflccteci  ions that twch  the lc.ft with are absorbed. In

the, simulations below, (l)l)i/(~ci  z 7000,” PC=: 0.5, [31 D 0.2, :~tld  the fmctional  density of the

pick-up hydrogen is nfY/ntJ  == 1()% what no is the initial total density and n(y is the initial

hydrogen pick-up ion density. ‘] ’hese numbers, p]us the ang]e and h4acli  number,
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characterize the shocks Conlplclcly  and rtq)rcsent values expected for a solar wind

termination shock at -80 AU [1.icwcr et al., 1993].

‘1’he cc)cle uses dimensionless Linits  with length llOl”lllilli?Cd  tO C/(l+Ji  where O+)i is tlk?

ion plasnxi frequency (O+)i2’ = 47t IW32/Inl)  with q} the proton nl:lss)j  :~[ld  v~lo~iti~s  ale

ncmnalized  to c, the sped of light. V:wialion  is allowed only in the x (slwck prop: igatim)

direction and the initial magnetic fielcl is in ttle x-z. plane. ‘1’hc silnulaticm of p:irlicle

acceleration to high energies requires very large systcm sizes and long run times and, thus,

large amounts of Cl’(l time. ‘1’hc computatiol)s  were pcrfcm led using 32 processors of the

512 processor Intel Delta “1’ouchstonc  parallel computer at Caltech  and ra[l about 12 hours.

‘1’ypical  runs tmd a time step of ().()zs(~ci-],  a systenl len~th of 35~) ~l(l)j)i Wi(h 7~)~~ @d

points and 1 million particles and ran for 20,()()() tin]c steps. Iiw solar wind parameters at

about  80 All,  the time step corresponcis  to :ibotlt  6 sw :iIK~ ~/(~L)i = 7000” km. in calculating

the irljected dil’fcrcntial  fluxes (flux pcr unit c.ntrg~’, ions/cm2- sec-ke.V),  [i plasma density

of no = 9.4x 10-4 cnl-3 was used, obtained by e.xtra]mlating a density of n(J=6 cm ‘~ at earth

to 80 AIJ.

‘1’hc processes studied in this work -- it~jcction  and acceler:ition  at shocks -- are

very sensitive to the shock angle O1]ll.  Obliquc  shocks gem ally allow lnorc reflected pick-

up ions to move back up s(ream to both excite waves and to be further scattcrcd  and

accelerated than do (]ll:isi-l~cri>  erlclic~il:il.  shocks. (3UI onc-dil mlsional  hybrid simulations,

[is well as simple estimates, show that to get sif, niflcant ion ]eflection  and reflected-ion

driven upstream waves, the. shock an~lr mus(. be less than about 6(X) [1 .icwer  et al., 1993].

Acceleration in oblique shocks is of par[icukw interest because the, importance of shock drift

acceleration relative to fkst order Fermi accelel ation incream with inc[casin!,  shock angle

and magnetic fle.lcl jump, anti  the rate c)f acccleratio]l  i~ls~ iIicretise.  s [Jokipii,  1987].  We

have studiec]  the injection and accclc.ration  prmmsr.s fc)r a tangc c)f oblique shock angles

OI\,, =“300 - (w.

Recently, Jokipii  et al.[ 99’3 ] have found that one- :ind t WC)- dimensional hybricl
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because of the. inhere’nt neglect of cross field ~iiifusion in one- and t\\f)-ciill)er]siot\:\l

models. It m:ty bc that if cross ficki dill”usion ef~ccts were prcsenl  in ttlc. 111 hybrici

simulations, significant injection might also OCCLII for 01]1[  > 60~, Note that the diffusion

coefficients are free paralnctcrs in ciiffLlsioll/cc)llvcctioll  nmic]s  oll]y. in hybrici  simulation

models,  the diffusion cocfficitms can not be specified bec:luse the scattering results directly

from the wave-pmicic  interaction in tile sin]lllations. Onc  and tmfc)-dillle.[lsio~l:(l

simulations with “aci hoc” cross -flclci ciiffusion  migi)t  give some in forlltation cm this issue

(see, e.g., Giacwlow cl d. [1994], but ultim:itcly fully tlllcc-(iilllcllsiollal  simulations will

bc necessary to resolve ti~is issue.

Since C1OSS field ciiffusion  iS not pr’escnt in One-ciil  nC1lSiOll:i]  hybri~i mode]s  s1lc}l as

that use(i here, we aci(iress  the question of the range of antles  for which this neglect  might

have a significant effect. Although difficult r.o quantify, W( presemt here one simple

estimate. l’he relevant (iiffusion coefficient for shock acceleration is thr component

Kxx = Kllcos20 + Klsin20

where K1 and KII are the ion diffusion coefficients pcrpenciicular  anti p:irallc,l  to the field

respcctive]y,  x is the ciircclion  of the shock nol ma] and O is the anp,le betwcm the mfignetic

field anti the x axis; the accelemtion rate is invtrscl  y proportions] to Kxx I lokipii,  1987].

‘1’bus, we estimate that neglect of perpendicuiat  transport will not be.COt-IIC.  itnpol tant until

the neglected transport, K_I sinz(l, bcccnnes ccm-qxu :ible  to that retained, K II COS2EI. l’he

unknown ratio Kl~KII will (iepenct on tile ma~, netic turbulence. Since (he I[ttio is unknown

in the vicinity of the termil]ation shock, wc estirn:~le  t}m effect for several assumed values.

‘1’he largest upstream angle in the simulaticms pmsentecl  was 500; t}lc largest downstream

angle was about 75~. ‘1’aking K~KII =T ().()1 (cortwsl)ondinf  to a parallc] diffusive step size

10 times the perpendicular ciiffusive  step size), neg,tect of K1 is a <14% effect

(K.1_sin20/Kllcos2  (-1 <0. 14) for 8< 75~, ‘J’hws, neglect of KL will bc a slna]l effect for all

angles in these simulations for K-L/KII<(),  ()l and ncg]ect  of cross field ciiffusion  is justified.
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If K-I/Kll  = ().1, then at 6=50~ (the largest upstream angle in the simulatiot]s presented),

neglect of KJ might prOd LICC a 14% effect. IIowevcI, fm El= 75°, the effects of

perpendicular diffusion woLIl(i  dominate (K-Lsit]20/Kllcos2(]  > 1). If K-I /Kl\ = 1, then the

effects of perpendicular diffusion would dominate for (J>45C) and neglect of cross field

diffusion would  clearly  not be justified.

Since our 1 D hybrid models injects pick-up ions into the acceleration process only

for ol;n < 6(Y), and since the termin:ition shock is generally assumccl  to bc quasi-

perpcndicular  (ODI) == 9(Y)), it is necessary to estimate the fra(tion  of the tirnc the shock

angle will fall below 6W in order to estimate the globally average il~jcctt’d  flux. If the

heliospheric  magnetic field were the constant l>iirk~l  spiral arid the tcrmirmtion shock were

spherical, the shock angle WOUICI fall below W) only within a clcgrcc 01 SC) of the

heliospheric  pole and thus the fraction of time in this r:inge would bc ncp,] igible. }Iowever,

considerations of the variability in bcxh the intel  planetary nxlg,nctic  fic.ld and the shock

normal direction lead to a much larger, iIlihoLigl  I ratl]cr  urlcer  tain, e.s~imate.

J:irstly, hourly averaged 1991 Pioneer magnrtic data at 35 All shows th:it  the angle

of the magnclic field itself is highly fluctuating and thus, even near (Iw ecliptic, the a~~gle

between the field and the radial direction will at times be less than (W. l]onl the 1991

Pioneer magnetic field cktta presente(i  in 1.iewer et al. [ 1993J, we calculate that the angle

between the field an[i the radial direction falls below 600 about 20% of the. time; it is not

known how this number will extrapolate to6080 AU,

Secondly, only for a steady, spherically syn~nwtric  tc.rn~ination  s}lock is the shock

normal always in the miial  direction, 1 lydrodynanlic  models SIIOW tl]at if the very local

interstellar medium (V1 .ISM) flow is supersonic as suggest~.d  in a lcccnt study of the

morphology of the VI ,lSM by ]:risch [ 1994], then tllc hcliosphere  has ati ex~ernal bow

shock (see }Iaranov and Malama [ 1993] anti  lcfercmes  tlm cin j anti the termination shock

bccomcs bullet -shapcci with the nose poinlinj; into the VI .ISM flow. lrl t}lis  case, the shock

normal is not radial over some portion of its surface. From a tlvo-(iilllensiolltll



axisymmctric  calculation of such a “twc)-shcwk” hc]iosphcrc [Kanmsin  et al., 1995], wc

find thiit  the shock norlnal is more than ?@ from the m!i:il direction (and thus 01]]) < 60~,

over about 15% of the shock surl’ace.  ‘1’he distc)r(ion  of tllc shock fron] spherical, anti thus

this percmtagc, will depend, of course, on tllc VI lSM p:irametm  which have a large

uncertainty. Variability due to a non-spherical tt-rminatioll  shock would lead to a non-

uniform injection with more injecticm from the tail hemisl)herc  t}m the nose hemisphere.

lrom these various c{)r~sicieriiti[)[~s,  a VCI y crude estimate is that the shock angle will

fall below 600 abotlt  1()-3()%, of the timr. Using tile fact (t mt in ON I n wdel injection occurs

only for 01]11 < 60C) ancl using the above estinlate  for the tirm spent in this range, the

averayr  injected flux at the termination shock will be ]owcr than the sil”nu]ation  fluxes by a

factor of about 3-., ‘c have studied the injection and a(”celeration  processes for a range

of shock angles 01~11  =3(P) - 6(N. Results are prcscntcd  btlow fol two angles, 40° and 50°,

but the results arc qualitatively similar over this range of oblique angles. It is important to

note that if cross-fieki  diffusion is large enough to allow sigtlificant injection fc)r shocks

with 61]11>600,  then injection  of pick-up ions from quasi- pelpendic~llal shocks might be

more imporumt  than injection for oblique shocks studied here, since tile termination shock

will be. {]tl;isi-]]erl~  clldict]l:ir  more often than it is oblique. Because. of these considerations,

our calculations may unctercstimitc  the I ate of ir~jtwtion  of pick-up ions at the, termination

shock.

3. Simulation f<csults

We will first present detailed results from two case studies, characterized by the

angle 0111) between the magnetic field and the s]mck nornml and the Alfvcm  h4ach nmbcr

MA (the ratio of the solar wind speed to the Alfvcn speed). Case. 1 tms O1;]l=- 400 and MA =

5; Case 2 has (31]1)== 50~ and MA ::8, III both simulations, as the shock propagates, the

interstellar pick-up hydrogen ions are preferentially reflected by tllc shock as reported

previously [I,iewer et al., 1993], A coltlltel-stre:\lllil~g,  ion cyclotion  illstability between

these reflected pick-up ions and the background solar wild  leacls to hit gc amplitude
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upstmm  magtlctosonic  W:IVM. ‘l”he.sc nxlg,nclic fluctuations m swc.~)i back towards the

shock by the super-Alfvcnic  SOIN wind flow, tlIus creating  the situation for first order

I;crmi accelcrt~tion.  ‘1’he pickup ions m obscr’vcd to be furth~sr  accelrr:itcd in these shock

ancl WiiVCS fields. in these simukltions,  the. wavrs :ind turbult’nce arc f,enclatect  by the

shock, i.e., no w:ivcs arc injected upslre:lm.

.3.1 C(IS~ 1 (01],,= 4W (I)t(i MA = 5)

1 ‘igurc  1 shows results from [he lower Nfliicl) numbcl”  (hse 1 at t il]ws early and lnte

in the simuh~ticm.  “J’his Mach number corrcspcmds m a solar wild  sImd of about 200

kntiscc  which might be cxJ>cctccl  if the SC)lN w’ind flow was slowed by the g:tlmtic  cosmic

my Jx-cssure. I;igure 1 a shows results tit t= 1500+ .j-l. III the top ]):inel,  the magnetic ficJcJ

component H y(x) vs. x (with B nomxdiz.  e(i to the upstream I mt:,nct  ic ficl[i m:~gnitlldc  IJO),

shows a large amplitude upstreom  magnemsonic  wwe  with pe:~k amplitude, ABy/Bo = ().S.

“1’he second panel shows pick-up ion Vx vs. x pht~se.  space with only CVCI y 60th ion plottecl.

in this p:inc], the injcctec] Jlick-up  ion shell distl’ibution  is sern as the band of ions centered

on vx/c = 5X10-4; some reflected pick-ups m evic]ent as those with negative Vx. ‘l’he third

panel shows H subset of the pick-up ions, “enmgctic/refJccted”  pick-up ion phase space Vx

vs. x, where “energetic/reflected” J>iCk-LIJ>S m lq~sttrmn  io]ls with ener’f(y  fymter than 4
2 w}lcrc  Vsw is the solartinm the initi:d energy in the solar win(i fltinlc (EO = l/?,mPVsw

wind speed); all such ions are plottecl. “J’he m:ig,netosonic  w:ive structure seen in the Fly plot

is clearly cviclcnt in ttlc  mcrgctic/rcflcctcd  ion ]JI):NC.  sp:ice, confirming that it is incleed  the

reflected pick-uJJ ions which are ch’iving,  the upstream instability. ?’hcse w’nves propagate

upstrem  at roughly the Alfvm speed, but arc convected b:ick towards the shock by the MA

= 5 solnr wind flow, In I:ig. 1 b (t ~=550~)Ci-1),  the y com])oncnt  of tile mag,nctic field

By(x), the total  magnetic field amplitude 111(x)1,  and “energetic/reflectcxl” J)ickup  ion phase

space Vx vs. x are shown, ‘1’hc wave Mnp]it  ucle is comparable to the val uc at the earlier

tilllC,  bLlt thC waves :iJlpc:lr  tO bC tllllCh lCSS lllotloctll”olll:itic.  Moreover, thC C1leIgCtiC  iOIl

ptmc s]mc shows much less structure, ond higher energy ions are cvidcnl,  inciicati[~g  that
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nonlinear mmvc.-scaltcring processes arc pla!’ing :1 signifi(m[ role.

l;igure  2 Shows the lllilgllCtiC fluctuation  Sptctra l)(k)= 112(k)/8n VS. k, (with k in

units of @lJi/C) at the. same two limes as in Fi~, 1 intcgratvcl  over a region cxtcmling  1024

~/~l)i  ahead of the shock. At the early time, the spectrum IS peake(l aro~ll~d  th~ val~le  ~~i(~pi

= (). 12. ‘]’his is ccmsistcnt with thcore~ica] CX})eCtiltiO1lS fol the bcaln-cirivcn ion Cyclolron

instability which predicts (o - k’V~ = kII(V}\-V~) = -(~cl, ‘1’he b~i]~]] velocity  along the field,

determined fmn plots of the refleclcd  ion v 1 -vll phas~ sp,ice, is Vt,/VA = 12. With k =

kll/COSOiIll,  the predicted v:il Litxi is Ck/(l)l)i  = (). ] 2 as ObSer\rCd.  At ]ater (i Tllcs,  (he S]XXtl’L1lll

has clearly broadened, with more cmrgy going into longer wave length modes. “1’he

broadening of the spectra] peak around O.12 presumably I esults from the bro:idening  of the

reflectec]  pick-Lip ion beam observed in the rcflectccl/eIlcr{  ’etic ion phase space in I;ig, ] b,

wit h the longer  wavelength modes exci[cd by the more energetic pick-up ions.

in order to llIldCt’Sti~lld  better the shock acccleratio[l process and the. relative role of

wave scattering and shock drift acceleration, “orbils”  of tl]e most cner~,ctic  ions were

plotted. ‘1’wo typical ion orbits are shown ili I;ig. 3 where. an indiviclua]  ion’s energy  (in the

solar wind frame) is plotted as a function of its distance fl on) the .sIlock front x-xs}lwk

(negative values  arc upstream) wimc  x is nomuil i7ecl to C/CD~)i.  1 ]cre l;. = v2/c2 (e.g., energy

is normalized to m1)c2/2 = 4.7x1 (IS keV) and the initial pick-up iol~ cmJgy is 1{(, ==

~ -- ‘5xl ()-7 (Corrcspondirlg  to 2f10 cV). “1’hc  ion positioll and c.ncrgy at the start of%nll)vsw  – . .
the simulation are at the bottom left end of the 01 l)it  curve. ‘1’his type of ]Ilot clearly shows

the energy gain from shock drift acceleration: the ion stays in the shock front (X-Xstl~Ck  = ())

and gains C1lC)’~y ColltirlllOLIS]>~. WavC SCattCril)~ Call SeS tht’ ObSer VC!d abl 11])[ dCCHL!e,Y ill

encrg y because the waves are propagating [i~’iiy  from the shock an(i the rcflectcct  ions are

overtaking the waves. (In some cases, Wiive scat(cring  causes  an increase, in energy,

indicating that mm backw:ircl  propagating waves have been cxcitcd.  ) 1 ~J on) investigation

of the orbit plots, wc c.oncluchd  that both procmsc.s, wave scattering atd shock drift

acceleration, are important in accclcra(ing  pick-up ions at the termiimtion shock. Wave
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scattering is importtinl bcc:lLlse  it allows the ions 10 have mulliplc encountcls  with the

shock; the octu:~lly  energy yin conm from the ion drift in the convmtivc VX1l shock

eleclric  field [Jokipii ,1982, 1987, 1990; Jones and l~llison,  1985].

I;rom the study of 65 orbits of’ the most energetic ions in Case 1, uw found th[~t

acc.elcmtion resulted primarily from shock drif[  acceleration [it the shock front, where the

energy gained from shock drift iiCCCICr:\tiOll  in a sing,te  encounter was often much greater

than the gain from simp]c specul:lr reflection by tht. shoctc.  ~c:utering from upstream waves

WM the dominant nwch:tnism for returning, ions to the shock front, with (iownstrc.am

waves pl:tying a sm:illcr role. in nu]ny roses, ions st;]ycd quile  ~lcar  to the. shock (within

J1/2 ~ 7000  ]{1/?) ~iTIC] shock drift-100” C/(l),Ji  or 5-20 pi where., in our units, pi =: OJpi/CO~i 1.

accclemtion  lecl to large energy gains (u]) (o 20 times their m igil~al enc.rgy) in only a few

such encounters with the shock. in some of these c:~ses,  the ions were Jccpt near the shock

by sca(terillg and the very l:trgc  mgnctic  fluctLl:\tions  mm ttie shock frotit, cwictent  in F’ig.

1 b, probnbly  p]:iy a nmjor role. “1’he p]c)t on the lefl  in l:ig. 3 is one such orbit. At the first

encounter with the shock, the ion moves nearly alc)ng the shock front g,aining cmrgy  from

shock drift acmlmtion  to E - 4X 10-6. It thCll 1I1OVC.S Llpstre:im :lbOUt 120 C/O~>i -“ 14 pi

where it is then sc:ittmd  back to the shock for :~ second encou]lter  :{IICJ  energy g:(in. in

nbout 60% of the. Gises, the ions gainec!  their ener{l,y in one or two such cncountms.  In the

other -4(Y% of the c.:ises studied, the ions moved a larger (> 100 C/(t)l)i) distance from the

shock before being sc:ittcring back or the cncr~. y gain calm from three c~r ]nc)rc  encounters.

An orbit of this type is shown on the ri~h[ in Iig.  3. The iotl has ~,:iined  :?4 times its

original energy, corresponding to an increme fronl  240 eV  10 (I keV, h’otc that our

conclusicm regarding the importance of shock drif[ accclcr:tt  ion relntive.  to first cmcler  l:crmi

acceleration has bmn obtained using a mcxlel  which inc.luclcs  no cross field cliff usion. It is

possible that cross-ficlcl diffusion coulci  :Iffcct the accelerated ion orbits lmrc than the

simple linear cs(inlnte  in Sec. 2 suggests.

“1’hc energetic Jxulic]e  flux resulting from the accelel ation proccsws :mct the
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diffusive shork thmry  prdic~ions (slr:~ighl lines) are shown in l;ig. 4 for both Case 1 and

(hsc ~ (bc]ow).  ]’]ottcxi  is ttlc flux spc.ctrum or dif’ferenti:ll  cncr~y ilux d.1/dJZ of the

ellcrgctic/leflcctecl  ions in a region of width 3(M ~’/t~)i  jus[ ahead of 1}~~:  sl~ock with energy

nornxiliz.cci to the incident sol:ir win(i energy 1/21 HVSw J 2 .1:01’ ~8S(’ 1, l))[ill~ ions hilVC bCCIl

accelerated to more than 20 times the initial ]Jick-up ion energy (};>6 keV),

Also shown in l;ig. 4 is the slc)pc of the flux predicted by [ii ffusive. shock theory

where r is the density compression ratio of ttle  shock. Avcra{; ing over tllc  very large

flLlctuations  at the shock front, the observed density conl]wession  ratio for (kc 1 is

approximately r = 3.2 giving cx = 1.2, ‘J’hc slope predicted by diffusivr shock theory is

indcpcndcnt  of the value of the diffusion cocfficiemt  and ildepcndcnt of the shock :ingle

[Jones and llllison,  1985; B:iring  et (il., 1 993]. “1’hc thcor~ make no l)[cdiction  of the

rmignitudc of the diffc.rcntial fliIx.  Mc)rc.over,  diffusive shock theory is strictly applicable

only for isotropic distribLltion functions :ind ~)iirtic]es  with vclocilics  much  higher than the

convective velocities, :in(i these conditions alr ccr[[iin]y violated for the pick-up ion

distributions in the sinlLlkttion.

lt is not cle:ir how well the flux from the simulation should :i~,rcc with the diffLlsive

theory prediction. ‘1’he flux from the, sinlul:ition is clearly not a power law and there are

se.vcr:il  reasons for this, but there is some :igi cement with the slope prcdictcx] by cliffusive

theory in the mid-energy rmge where  a(idition[tl  s~)ati:tl  ant] temporal vari:ttions expected in

the simulated flux :irc less important. ‘1’he above diffusive theory p~-cdiction  is for the flux

bchincl the shock, whereas we have plc)tte.d the Lll)stream ~lux. l>iffusivc shock theory

preclicts  th:it  the upstream density of energetic iorls shoLlld clcciiy exponentially with

dist[ince from the shock front with the decay  length increasing with im energy [ see review

by l’orman  [ind Webb, 1985].  ‘1’his was stLldied  ir~ the sin~Lllation  of (;iac:ilonc  et al, [ 1993]

and, qu:ilitativc]y,  Iuis been observed in these si~nultitions  as well. ‘1’he much more rapid
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fall off’ of the simulation jlux than the ciiffusivc  [hcory predictiotl  is clue ill lmrt to the finite

length and time of the simul:~tion.  I ligkr ciwr{:y pa]ticlcs  have a long,cr  sc:ittering mean

free path ad take longer simulation bcxcs :itxi limes to acce.luate.  theln.

3.2 C~,\C 2 (0]11)= 50~) (ltl(l MA = 8)

I;or this case with 0]]11= 50° and MA = 8, the shock is n\Llch str~)ngcr and the ion

energies :ire corresponding larger. } lowevcr,  Inany aspects :Ire similar to (list 1. l;igure  5

shows, for a time late in the simulation, the y compcmcnt of [he ma~nctic field lly(x)/B(J,

the total magmtic ficlci  strength 13(x)/1]()  al]d the “energetic/l dlw.ted” pick up ion density

n~’rcf normaliz.cd  to the upstream pick-up ion dmsity  n} ’o, where, as akvc, “cnergelic/

rcflcctcd” ions are those with 4 times the initi:l]  ]Jick-Llp ion energy in the solar wind frame.

“1’hc upstream waves have a somewhat lar:,cr alnplitucle  as espccted  for tl]is higher Mach

number shock with more energetic pick-u])  ions. No(e that some of the waves have

steepened into “shock] cts.” Very lar~c amplitt.de  (Ail/B(J = 8 ) wa~cs arc also evident just

downstream of the shock, ‘1’hc “energetic/1 eflected” den sit y illustrates the cfi-lciency of the

shock acceleration process. In the region just upstream c)f tllc  shock, the density of the

energetic/rcflcctcd pick-up ions is very high (about 25% of the incident pick-up ion density

jLlst  upstream). At earlier times (t = 200(~Ci-1”  ), the relle.eted  pick-u])  ion flux was large,

(n~’V)lcf/n~’OVsw  = 40% where here reflected ions are all pick-Lq~  ions moving to the left

faster than the shock and where (nPV)rC~ is ca]cLlhltcd  in the shock friimc.

The higher h4ach number relative to (llse  1 le:ids to an upward sl)ift in the bulk

cncrsy of the accelerated particles. “1’hc cmc.r~etic  p:irtic]c  differential flLlx resulting from the

acceleration processes and the diffusivf shock theory prediction for Gsc 2 are also shown

in I;ig. 4. Since the energies arc normalimd  to the incident solar wind energies in }:ig. 4

(240 eV in Gtsc 1 and 611 eV in (lse 2), the upward shift in cncr~,y  is ]Iot rcnclily

apparent. Although the shape of the flux curves for the two cases arc quite similar, the

more cnc.rgctic  (;ase 2 is somewhat brcmier,  extending to nigher relative energies. in Gse

2, many ions have been accclcratcd  to more th:tn 50 times their initial cmrgy (}1>30  keV).
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“i’he brcmdening  of (he spectrum mtiy  bc the rrsull of a sli:’,ht]y slowtr fit]] off in energy for

this c:isc, consistent with the prdiclion  of diffusive shock theory. }:OI this case the :ivmge

observed shock density com])ression r:llio WM r = 3.4 gii’ing cx = 1.1 :Is compared to r =

3.2 :ind u = 1.2 for Cme 1. in the mid-cnerg,y r:ingc, the obsmd flLlx is consistent with

lhe ciiffusive  pre(iiction :tlthough, as above, the flux from the simul:ttion h:is adciiticmal

sp:itinl  and tempoml  variations folded into the curve.

Figure 6 shows the mgnctic  fluctu;ition spectra l’(k) == l12(k)/8n vs k, (with k in

units of c/O~);  ) :It two times in the simulation, t@i ==1  5(1 and 500, :Ig:ii]l  integrated over a

region extending 1024 C/(l)l)i  ahe:i(i  of the shouk.  At the eorly tire, the spectrum is peaked

in thC region Ck/[l)l)i  s ().()7-().()9. “1’his is consistent with j~rcdictions  fol the beam-driven

ion cyclotron instability for the observed reflected  bc:im ve]ocity of \TlfiA = 18-22. At

later times, the spectrum hits clearly bm:denect,  with more energy going into longer

‘~), “1’he broad enh:incclncnt  in the spectralwtivelength  moctcs m observed for C:\sc 1 (1 ‘ig. . .

= 0,02 --0.1 is presunmbly  dlivcn  by the hi~hel  encry,y ~cflccted  pickLlp ionsregion ck/(O1)l

acccler:itccl  by this MA == 8 shock.

Figure 7 shows the orbits of two of {he lnost enel getic pick-u]] ions from Qse 2,

energy (normalized to ml@/2) versus dist:ince flonl the shock (ill units of c/(~~i). ~~oth  ions

have been accelerated to about 50 times their’ ini(ial  enerfy  (E@l .3x 10-6 cm <).6  keV) to

aboLlt 30 kcV. A study c)f 65 of the orbits of the ]nost energetic ions for this case led to the

snme conclusions as for ~:ise 1, i.e., [hc :iccela at ic)n lesulted  primari]  y from shock drift

acce]mition  in the shock front with the Llpstl caln waves aiding the processes by returning

the ions to the shock for multiple  encounters. Swttering from downstream waves was less

important, Many ions studied appmr to rermin trapped near (within 100 c/(~)i)  the shock

front (either by the fluctuations or the 1 I(: ficlcls), :~cquiring  their energ,y (via shock drift

:iccelcr:ition) in a smill nLlmber  of etlcc)Llr~tcrs  with the sl]ock. As in (lsc 1, in aboLlt  60%

of the orbits  studied, the ions 1)x1 only onc or two such mcour~tm ~~ith the shock. In the

orbit on the left in I~ig. 7, the energy g:lin comes from shock ch-ift :iccclmtion  in two
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“encounters” with the shock. “1’hc ion on the right gains its energy from about  4 encounters

with [hc shock.  II SI1OU1CI  bc noted that any trapping near the shcwk front could be strongly

influenced by ttlre.e-(iilllcllsiorl:il  effects.

Recently Bennett et al. 11994] have raised the issue cri’ whedm  or not energy is

adequale]y  conserved in a hybrid code such as oLIrs which uses a first-mkv  time slepping

algorithm. We do not monitor energy conservation in out code and thus do not know how

well energy is conserved. I lowever,  in Bennett et al., l:ick  of energy conservation in a first-

order hybrid code manifested i~self  in lal fjcr (by more. than 30%) density compression

raticx across the shock than prcdicte.d  by the Rankilw-1 Iugo])iol  jump conditions. Thus,  as

a check, we }mve mmparec!  observed con)prcssion ratios wi~h those.  predicted by the jLm~p

conditions for the. same angle, Mach number and plasma be.m. For the above cases, we

computed the jump conditions and cicnsity compression for ti shock movitig with the

observed speed using an ion ~ which includes the (dominant) contribution from the pick-up

ions. I:or Chse 1, the predicted density compr-cssion was 3.() and, :ivcra:ing over the large

3 ~ i ().2. l;or Case 2, the predictr.d ratio was r =oscillations, the observed ratio was r = ..-

~.~ ~lTIC] the ~)bserved  r:itio  ~:~s  r =: 3.4 j ()$3. “J’he l:iqy  ~ln~~rt:iinty  in t~ic cOrl)pItXSiOtl  ratio

is due to the large oscillations at and behind the shock.  l’h~ls,  the density compression

exceeded the Rankine-1 lugoniot  predittic)n by at most about 10- 15% which is substantially

less than the z30Y0 seen by Bennett et al. using a first-ordtr  code.

3.3 Effect of Pick- [(p lon [Ii.strihuim  f ‘l[m:tio]l

]n Gises 1 and 2 above, the injected pick-up hydmgerr velocity distribution function

was a m-o-thickness  she]] distribution with radius  Vsw,, (o-moving with the solar wind.

Mathcm:itically,  f(v) = 15(v- VsW,) where v is in the solar wind frame.. ‘1’his would  represent

the distribution function if all the ions wm picked-llp anti isotropimi  in the vicinity of the

tcrmina{ion shock. in fact, since the pick-up ions arc picked Lip t}ir ou{:hout the hcliosphere,

the pick-up ions cool adiabatically due to the solar wind expansion as they travel out

towards the shock, with those picked  up farther in coolin:  nmc bcfotc  reaching the shock.
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‘l-o test the sensitivity of the results to out’ choice of pick-llp ion disll”ibu[ion function, we

have also ILtn smal]er sinlLl]atim~s  using an xiiabatimlly  cooled  distribution function f(v) =

v-~fl  for the range v = (() ,Vsw )[ h4(ibius ct al., 1 988], where,, again, v is in the solar wind

frame. ‘1’his distribution represents a fillcci  spllerc of radius  Vslv in velocity space, with

n(v)dv ~ f(v)v~dv = v l&lv, where n(v) is thr. :~nglc-itltegl”:ite(!  pick-Lip ion velocity

sp:ice density per unit shell  width and n(v)dv iIKtcases with velocity u]) to the maximum v

= Vsw. Note that for this distribution, only about a t}lirci of the ions liave  a velocity less

than 0.5VsW, in the solar wind frame.

simulations were run using the sanle parmetcrs  of (!ase 2, bLlt  on a snlmller grid

(xlll:~x  == 1250 C/~l})i)  for both the shell and L}W a(ii~ibaticxi]  ly coolcxi  ciistlibution functions

an(i the resulting rcflecteci  pick-up hy(irogen iluxcs  were compami.  Results from both

distributions arc shown in l;ig. 8 which plots the I eflected pick-up h y(irogen flux

normalized to the incicient  hycirogen  pick-up ion ilux, nO}’Vs~v, with both computed in the

shcx.k fr:imc. Reflected pick-up ions were ilcre cic.fine(i  M those nmvill~,  upstream faster

than tile shock. ‘1’im results are plotttci  at t == 2( K)(~C1-1,  in the late “1 ineal phase” so that the

reilccteci  flux could be evaluated before fultller wave scattering of the pick-ups back

towards the shock becomes more significant. F’rom l;ig. 8, it call  be seen d]at for the shell

ciistribution, about 40% of the incident pick-Lip flux is rcllected,  whereas about 3070 is

reflected for the adiabatically coolecl  distribution. We hme also compare.ci the fluctuation

spectra for tile.sc  twc) cases and find that the power  levels are simila], but with the shell

(distribution having somewhat more power in longer wa\clengths  as cxpecte(i.  Thus, we

conclucie  Lhat the results prcse.nted  in the. prcue(iillg  sections using a si~cll  pick-up

distribution rather than [he aciiabatically  cooled pick-up distribLltion  n)ay overestimate the

energetic fluxes by on the orclcr of 30Y0.  Generally speaking, however, the resLllts  are

relatively insensitive to the two choices of injected pick-up ion ciistribution  function.

3.4 Compori.voll  of Simu[atio)l  Rcsldts \titl[ Fhltapolold  Voyager l<ncrgclic  Particle Ilata

3’hc injection of interstellar pick-up ions into ti~e macroscale.  g,lobal  hcliospheric
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shock accelemtion  process is gcner-ally  thought to cmur  primarily at the. termination shock

nncl not at interplanctwy  shocks because the tcmuina(ion  shock is gencmlly expected (CI be a

n)LIch stronger shock and the acceleration time is invcrse]y prtym”tiona] to the’ square of the

M:ich number (Jokipii,  1990). Moreover, inlmplanet:iry  shocks are intermittent and

confinect to the vicinity of the current she-et. 1 k:re, wc address this injection site issLle by

comparing the differential fluxes of the irljcctecihtccelcfi~  ted piCk-llp  }lYdIC)ECH~  from oLlr

simul:iticms  with ctiffercnli:d  flLlxes from illtcr}~l:lllet:lly  shock acceleration events nleasLmd

by the I,I{~f> par{icle  instrLlnlent  cm Voy:lF,cr,  extrapolatcxi  to 80 AU, the tmminaticm shock

location assLlnled  in the simul:itions. if t[lc flLtx of “seed” pal [icles from interplanetary

shocks at the termination shock location is ~rcwter than the fluxes i[~jcctccl  locally at the

tern~imition  shock itself (m predicted by the simulation), then illterl)l:il~e.tiiry  shocks woLlld

appear’ to be a mm important injection site. Since the interl)lanetxry shock seed flLIx  k not

measurec~  at the location of terminaticm  s!mck, it is nccessar>’ to extlilp~l:i[C t}~c  Voyager

data.

Gold, IIcckcr :md Krimigis (1 988), hcreaf\cl  G1>K, plotted the cliffcrential fluxes

(ions/cn12-sec-kcV-sr)  in the keV-Mcv r:inge resulting from in[erplanctary shock

acceleration as n~easLlrecl  by the 1,FKP instruments on Voyuger  1 and 2. WC have Llsed the

dat:{ from };ig. 4 of GI)K [v+ the basis for com]mriscm,  Specifically, WC. use the highest

me:~sLtrecl  ftLlxes[  curves  (a) iin(i  (b) c)f GI)K Fig. 4]. CUIWCS  (a) ant] (b) arc averages of the

eight largest shock accelerations events observed by 1.l~~l’  at Voyager 2 ancl 1 respectively

during 1984 and e:uly 1985 when Voyager . .‘~ was aboLlt 15 AU and Voy:~~er  1 was about

21 A(J from the sun. “l’he lower mcasLmcl cliflcren(ial flLlx for shc)rk accc.leration events

reported in GIIK [cLlrve  (d) of Fig. 41 is IOWTL’  th;irl the hi{ ’,hest ftux by abc)Llt a factor of

aboLlt 6 in the lowest energy range (E = 3(1 ke.V).

To compare with the sinlLllation  fluxes, the n~easLll ect Voyager fluxes at R= 15 and

21 A(J were extrapolated to the termination shock locatim L, taken as 80 AU for the

sinlLllations.  ‘1’he extrapolation makes Llse  of sevclal assLiI options and introduces



considerable unccrtaint  y in the comparison. \Vc have perlornlcd  ~hc cxtl apo]ation  to 80 AU

using a simple :idiabatic sc[~ling  of tlw energy raIlge :ind l’luxes wi[h y~ 5/3. ‘1’o do this, wc

lake the measured flux in each energy “shell” CII:. and  assLIInc  e:id shell extrapolates

adiabatically bctwcxn  [he mmsurcd loc:l[ion  and 80 AU, e.g., n cx R-;),  1: K R-ulq,  dl;  DC

R-413, fiux  nV ~ R-8/3 illl(l ctifferenti:il  flux d(nV)/dI{ ~ R-4/~. ‘J’hC 11”10S1 significant

ii SSUlllpti  O1l in [his extrapolation is that lvc neslect  all prociuction  of flux into this energy

r:in.ge bctwcem 15 or 21 AU ancl 80 A(J. Wc also neg]cct  loss of flux irl this range from

acceleration to higher energies. ‘1’hus  our extl apc)lation gi~es a fiiirly cruc]c estimate of the

value at 80 AU; interplanetary shocks will cermin]y continue  to acceletatc  ions into this

energy  Iiinge. Note, however, this is tl)c maximllm flux nleasurcc]  by V~~ii~ers l&2; the

i~verage  will be much less,

“1’he extrapolated Voyager differential fJLIxcs (ions/cm2- sec-kcV) are plotted in Fig.

9. ‘l’he extrapolated Voyaqer 2 (R= 15 AU) flux (I:ibcled  \12) was CtilC~lliited  by scaling bothc

the energy and the differentiiil  flux with radius ( 15/80)4/3 == ().09; similarly the Voyager 1

(R=21  ALJ) flux (V]) was scaled using (2 1/80)4/~ = 0.17.1’0 compare with the simulation

fluxes, the 1.I{CP fluxes per steradian  have bceli  multiplied by 4n. Also shown in Fig, 9

are the simulation fluxes from (hse 1, iiS well as fluxes fl om simulations for the same

parameters as Case 1 (MA =5, 61J11=  40~)), but higher Mach numbers (~~A =8 and 10, as

labeled in the plot). “l’he large fluctuations in the SJ)eCh’ii  at high energies are due to the

rather poor stittistics.  These could have. bcm improved by using particle. splitting techniques

(e.g., JO]lCS  al]d Ellison,  1991; Giiiciilol)e  et al., 1992).

~’rom ];ig. g it can be smn that the si]~lu]i~tion  ~luxes  for MA =: 8 are 1-2 orders of

mignitudc kwger than the extrapolated Voyager fluxes. Note,  however, that neither is a

steady source. interplanetary shocks are generally confined to the region of the current

sheet. Note also that the Voyager fluxes were for the lar~cst shock acceleration events, and

the average fluxes will bc considerably lower. l’hc simulation fluxes aTe. obtained for

termination shocks with 01]1]< (W, which applies about 10-30% of the time (see the



discussion in Sec. 2). “1’he  tcrmin:ition shock may also injects for $Il,i<  6(F), but the rate of

injection at c] Ll;isi-]JcrllcIl(licLl  l:ir  shocks in at present unknown (se.e discussion in Sec. 2).

WecoI~clll(ic  tl~:it, givelltt]c  l-20rflers  ofl~~:i&[litlldc  cliffcrezlce,  tl~etcllllil~:iticJ1~  s}~wk

probably the more inlpotlan~ si(e fcw injcxlion md itlitial acceleration of ttlt’ anonwloLls

cosmic ray ccmponcn[  than are interpkmctary shocks,

4. SLllntl-lar’y and l>iscussion

is

We have used a hybrid sinlulation  model to show that illterstcllar  pick-up hydrogen

ions can be effectively injected and accelerated at the solar wind termination shock for

oblique shock angles. I’he hybricl  sin~LIlation  model allows a self-consistcmt treatment of the

shock fields, the solar wind ancl pick-up ions and t}ic waves and turbulctm,  We. have

studied this process for obliqL1e shocks in the rtmge f311~1Z=  300-600 and found qualitatively

similar results. I<eflectcct  pick-up ions drive the strong LIpStI  ea~n  tu]”bu]ellce  needec]  to

support diffusive shock acceleration. At early times in the simulaticm, the spectrum is

peaked at the mode expcctcci  for a reflec(ccl-ifjtl-bc:  tl~l-clli}’ell  ion cyclotlon  instability and

the pick-up ion phase,  shows a well defined reilec[ccl  beam.  As the simulation progresses,

the spectrum broacicns in time.  with emergy  going to longer  wavelengths as t}le pick-up ions

are accelerated and non-linear wave scat[crinf  bemmcs impomn[.  ] ‘or slmng shocks (M,A

=- 8), many ions were accelerated to 50 times their initial etler~;y,  rcprmnting  an increase

from 0.6 kcV to 30 keV for the parame.tm used. ‘1’he magnitude of the “seed” energetic

flux injected at the termination shock dctcrminec]  hy the sitnulations  was compared with

measured energetic particle fluxes from Voyager cxtrapolatecl  to the tclmination  shock

location. Although considerable uncel  tainty is introduced by the assumptions used in the

extrapolation, the comparison suggests that the termination shock is a lnore important

injection site than interplanetary shocks for (IIC injection of the “smd” population for the

anomalous cosmic ray component, “1’hus the resltlts pmented  here provide a ve.rillcation,

on a microscopic scale,  of the chain of processes t)y which itltcrs~cllar  pick-up ions c:in be

reflected, accclcratcci  locally and il~jee.tcci  into the macro-scale global  hcliosphcric  diffusive

Z’J



acceleration process which can fur(her accele.  mtr them to ;LnonmloLls cosmic ray energies.

in this paper,  injection WilS studicc]  for termination shock anglrs OB1) <60° because

irljectiotl  occt]rred olllyfc)rsllcll  ang]cs in our 111 hybrid  lnodcl<  ‘I’llis lllo(lcl  illllerelltly

Ileglects cross fielcldifftlsiotl.  ltmaybclhat  }>erjJcIldiclil;  il"diffLlsiorl  c:irlle;id tosigrlificallt

injection forEll~11>60L). lfcross-field diffLlsicm  islargcen[mgh  to allow signiflcxint injection

for shocks with ~IIll>60L),  them injection of pick-Lip  ions from tl~l:isi-~~c[”i>  el~diclllar  shocks

might bc tl~orei[lll>c>rtiir~t  because [l~etC]tlli]li~tio[l  shock ~ill k(]Li:isi-~)rrj)  cnclictllarnlore

often than it is oblique. Bcc:iLlscofthcsc  corlsictcr;itionsj  ollrcitlctll:tti  (lrisl]l:ty

underestimate the. rate of injection of pick-ul)  ions at the tcrnlination  shock.

A study of orbits of the most emrge(ic pick-up ions in OLIr simulations shows that

the primary mechanism of energy gain is shock drift accelcmtion  at the shcdc front, with

the waves allowing the ions to make multiple enccmn~crs  with the sllcx”k. “l’he energy gained

via s}]ock drift iiCCdc~ati~n in a single  encounter can be n )uch greater t}liir] lhat gained from

simple speculil~ reflection from the shock front.  1 n many cases, l:irgc energy  gains resulted

from only one or two interactions with the shock front. Scattering back to the shock from

upstream waves was observecl  much more freq Llently than sc:ittering flom clown stream

waves. For our simulations, the wave amplitude, ancl thus the diffLlsion  coefficient, varies

greatly with clistance  from the shock,

A comparison of results fl-on) two ciiffercnt  Mact]  number simulations showed the

energetic particle fluxes are qualitiitivtly  consistent with the predictions of diffusive shock

theory, although diffLlsive  theory is not strictly :I])plicable  to the.sc  simulations. At higher

energies, the flLlxes fall off mc)re rapidly than the diffLlsive  theoly prediction. “1’his is

probably due to the finite length  and time of the simulation. 7’0 run simulations large

enough and lc)llg Cncmgh  to iiCCelCr:itC  particles to actual anomalous cosmic ray energies

would be co]]l])tit:itiorl~illy  prohibitive Rather-, the distril)ution of the energetic pick-ups

fount] in micro-sctile  hybrid simulatic)ns  can k used as the “secxi”  population to inject into

macro-scale diffusive shock acceleration moclels which can than study the acceleration from
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the tens of keV c.ncrgies  found here. to the h4e.V ;inonlaloLIs  cosmic  ray Mnsc.
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I;igurc Cap!iol)s

l;ig. ]. f{esu]{s from Case 1 (~1]1)=  4(K) and MA = S) at ti]ncs early (a) and k~te (b) in the

sinlulation.  (a) Magnttic field y u.mponcmt  13Y(x)/1~0  vs. X, pick-~lp iol~ vx vs. x phase

space (cmlyemry 60ttlptirticlep lotte(l), t~llf~  “ellclgetic/rcflec:  ted’’ ]Jick upionvx  vs. x

phase space where “ctlcrgetic/reflected” pick- up ions are Npstreitm ions with e.nergy  greater

tll:l114tillles  t}leilliti:ll  etlergy in the solar wind frame.(all ]Jlotted). ”1’llcll]lstre:llll  wave

st[”llctllre  c:illl)cclc:irly  seen in both l~yam~  the pht~s~ spilce of the “ctlcrgctic/ref  lecteci”

pick-up ions, which drive the waves.(b) As in (a) except middle panel is m:ignitude  of [he

Iotalfielci  vs. x.

Fig.2.  l>owers]>ectrLll  lloftile  Illtigllctic  field flLjcttl:itiolls

at times early anti  late in the simulation wi[h k in units oj”(i)

‘(k)= l]~(k)/8m vs k for Case

i/C.  ‘1’hC pC:ik at early times

agrees witil prwiictions  l“c)r [i reflcctcci  pick-Lip ion bc:imdriven ion cyclotron instability.

Fig.3. “orbits’’o  ftwoior~sfrom(lise  l,})] oltcdis  t]leioll's et~cl"gy  (Ii=: v2/c2in  the solar

wind ffiime) as a function of its dist:itm  from the shock front x- xs}lw~  (negative values are

upstre:im). The ion position :ind energy (EOZ=5X 10-7) at the start of the. simtil:ition are at the

bottom left end of the ci]rve.  The energy g:iin fIom shock drift accelemtion  is evident: the

ions cit-ift in the shock front (x-xs}l[X~ = O) and p,ain energy continiloilsly.

Fig. 4. Ihle.rgctic  ion fiuxcs rcsultins from tile accclcra~ion processes tind ti~e difflisive

shock theory pre(iictions  for C:ise 1 (ct=:l  .2) :ind Clisc 2. (ct=l. 1 ). Piotted  is the spectrum

or differenti:ii energy fiux of erlcrgetic/reflcct(:(i ions in a region of wi(ith 300 c/~)i  just

upstre:im of the shock with energy is noI malizeci  to the. incident solar wind energy (240 eV

for case 1 and 611 eV for Ctise 2). “1’he. ener~ctic  flux resulting from the stronger shock

(Case 2) lea(is  to a somcwil:i[ broa(icr  distribLltion  witii a S1OWCI  frill off with energy,

consistent witil ciifflisive  tilcc)ry p~cdictions.
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l~ig. 6. Power spectrum of the magnetic field fluctuations I)(k) == Il?(k)/8x vs k for Case 2

at times early and late in the simulation wilh k in unils Of Olpi/C.

Fig. 7. “orbits’” of two ions from Chse 2. Plotttxi is the ion energy ( I{==v2/c2  in the solar

wind frame) as a function  of dis[awx fronl IIIC shock front x-xshoc~ (negatiw  values are

upstream). llotb  ions have been accelerated to itb~ut 50 timts their initial energy to l; -

6X 10-5, cormspcmiing  to about 30 keV.

Fig. 8. Comparison of re~leaeci  pick-up icms fluxes normalized to the incident  pick-up ion

flux from simulations Ltsing two different initial pick-up iorr distribution functions at a time

early in the simulations, The top panel is for a s}lell distlib  Lltion function (showing about

40% rdlcction)  and the lower ]xinel  is for a adiab:itically  cooled  distr ibu(ion (showing

about N% reflection)  as dmcribcd  in tbc text. l-he. refhteci  flux  is tbc flux of pick-up ions

moving upstream faster than the shock conlpLlted in the shock frame.. l’al ameters are as for

Ose 2 except the systcm size is smaller.

Fig. 9. comparison  of simLllation fluxes for t hrec Mach numbers  (MA = S, 8 and 1 (); all

$];n=  40°) with voyager  ]&2 fluxes fl om intcrp]anetary shock events e.xtrapohtted

actiahatically  to 80 A(J. Plotted fron] (}]c sinlLll:itims  m the c]ifferential  energy fluxes

(ions/cm~-sec-keV)  of energetic/reflected ions in ii region of width 3(0 C/(l)l)i  just upstream

of the shock, labeled by Mach number. Although uncertainty is introduced by the

extrapolation, the significantly larger sinlulation  fluxes sulgests that the termination shock

is the dominant site fol” injection of intt’rstd]ar pick-up ions into the g]oba] heliospheric

:icce]er:ition  process. Note that both we interlnittcr”rt  sour’ws.
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